Introduction
Modern drug testing and design includes experimental in vivo and in vitro measurements, combined with in silico computations that enable prediction of the drug candidate's ADMET (adsorption, distribution, metabolism, elimination and toxicity) properties in the early stages of drug discovery. Recent estimates place the discovery and development cost of a small drug molecule close to US $1.3 billion, from the time of inception to the time when the drug finally reaches the market place. Only 20 % of conceived drug candidates proceed to clinical trial stage testing, and of the compounds that enter clinical development less than 10 % receive government approval. Reasons for the low success rate include unsatisfactory efficacy, poor solubility, poor bioavailability, unfavorable pharmacokinetic properties, toxicity concerns and drug-drug interactions, degradation and poor shelf-life stability. Unfavorable pharmacokinetic and ADME properties, toxicity and adverse side effects account for up to two-thirds of drug failures. Traditional ADME analyses relied heavily on whole animal assays and the more labor intensive biochemical studies. High throughput screening methods, fast ADMET profiling assays, and computational approaches have allowed the pharmaceutical industry to identify quickly the less promising drug candidates in the very early development stage so that time and valuable resources are not spent pursuing compounds that have little probability of reaching the general population. Of the fore-mentioned properties, the drug's aqueous solubility will likely be one of the first properties measured. Aqueous solubility is a major indicator of the drug's solubility in physiological gastrointestinal fluids and is a major indicator of the drug's oral bioavailability. Approximately 40 % of the proposed new pharmaceutical candidates are rejected in the very early stages of drug discovery because of their poor aqueous solubility resulting in bioavailability problems (Lukyanov and Torchilin, 2004; Keck et al., 2008) . The
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Toxicity and Drug Testing 92 number of failures due to poor solubility is likely to increase in future years because the new drug candidates generally have higher molecular weights and more complicated molecular structures than their predecessors. Moreover, drug molecules that are insoluble in water are difficult to study with existing in vitro biological assays, often give unreliable biological test results, and may precipitate from solution during storage or upon dilution. The importance of aqueous solubility in drug design is further evidenced by the fact that the editors of one prominent computational journal (Llinàs et al., 2008) challenged readers to develop in silico methods to predict the intrinsic solubilities of 32 crystalline drug like molecules in water from an experimental data set of accurately measured solubilities of 100 compounds. Only a few of the more successful approaches were actually published (Wang, et al. 2009; Hewitt et al., 2009) . Similar challenges have been published regarding the prediction and measurement of the hydration free energies of functionally diverse neutral drug-like molecules (Nicholls et al., 2008; Guthrie, 2009 ). Aqueous solubility is the reference media to predict the absorption and bioavailability of orally administered drugs. More than 85 % of the drugs sold in the US and in Europe are administered orally. Amidon and coworkers (1995) proposed a biopharmaceutical classification scheme (BCS) to categories drugs and drug candidates into four groups based on their combined solubility and permeability properties. The classification scheme is depicted in Figure 1a . Drug candidates in Class I exhibit high solubility and high permeability, which is preferred from both a bioavailability and drug delivery standpoint. A drug candidate is considered highly soluble when the highest dose strength is soluble in 250 ml water over a pH range 1 to 7.5. A drug candidate possesses high permeability when the extent of absorption in humans is determined to be 90% of an administered dose, based on the mass balance or in comparison to an intravenous dose. Drug candidates in Class II have low solubility and high permeability, hence, the dissolution rate becomes the governing parameter for bioavailability. These drugs exhibit variable bioavailability and need enhancement in the dissolution rate for improvement in bioavailability. Drug candidates in Class III have high solubility and low permeability. Permeation through the intestinal membrane represents the rate-determining step for Class III drug candidates, with the bioavailability being independent of drug release from the dosage form. Class IV drug candidates possess both low solubility and low permeability. Drugs in this category are generally not suitable for oral drug delivery unless one employs a special drug delivery technology (such as a nanosuspension). Wu and Benet (2005) examined the biopharmaceutical classification scheme as a predictive method for assessing drug disposition. The authors found that drugs in Classes I and II of BCS were metabolized and eliminated. Drugs in the latter two classes were eliminated unchanged from the body by renal and/or biliary elimination. On the basis of these findings the authors suggested the Biopharmaceutics Drug Disposition Classification System (BDDCS) where the extent of metabolism has replaced permeability as a classification criterion (see Figure 2b ). Aqueous solubility is an important consideration in both drug classification systems. Adverse drug solubility can sometimes be overcome by structural modifications (e.g., prodrugs) or by adding an organic cosolvent, surfactant, hydrophilic macromolecular and/or an inclusion host compound (such as a modified cyclodextrin) to the drug formulation or application vehicle. Knowledge of the drug's solubility in different organic solvents aids in the selection of an appropriate organic cosolvent and provides valuable information regarding drug's molecular interactions with other organic molecules. Lipophilicity is another of the physical properties that is measured in the early stages of drug testing to predict the transport of molecules from the gastrointestinal track into the epithelial cells that line the inner and outer surfaces of the body. Most common drugs cross cellular barriers by transcellular pathways (across epithelial cells) that require the drug to enter the outer portion of the lipid bilayer of the cell membrane. The drug then diffuses to the inner lipid layer and travels across the cell before crossing the cell membrane once again to exit. Lipophilicity was introduced to describe a compound's affinity to be in lipid-like environment. Several solvent systems have been suggested as a surrogate to represent the lipid membrane against water. For convenience and economical reasons, the partition coefficient of the drug candidate between 1-octanol and a series of aqueous buffers has become the standard measure of lipophilicity. The intrinsic lipophilicity (logarithm of the water-to-octanol partition coefficient, log P o/w ) describes the equilibrium distribution of molecular drug candidate (unionized form of the molecule) between water and the aqueous buffer, and is independent of pH. The effective lipophilicity (logarithm of the water-to-octanol distribution coefficient) reflects the concentration ratio of the neutral drug molecule plus all ionized forms that may be present in the aqueous buffered solution at the given pH. The effective lipophilicity is often quoted at the physiological pH of 7.4. The intrinsic and effective lipophilicities are equivalent if the drug candidate contains no ionizable or protonatable functional groups. Experimental techniques employed to measure water-tooctanol partition coefficients include the traditional shake-flask method, as well as several methods based on reversed-phase liquid chromatography (hplc), counter-current chromatography and centrifugal partition chromatography (Sangster, 1989; Berthod et al., 1992; Menges et al., 1990; Berthod et al., 1988; McDuffie, 1981; Veith et al., 1979) . Ribeiro and coworkers (2010) recently discussed the advantages and limitations associated with using the water-to-octanol partitioning system as a surrogate for biological membranes. The authors noted that there is a considerable difference between the homogeneous macroscopic 1-octanol solvent system and the highly-ordered microscopic structure of a lipid layer. Chromatographic retention data determined using an immobilized artificial membrane (IAM) stationary phase was suggested as a more appropriate method for measuring the lipophilicity of drug candidates and for quantifying drug-membrane interactions.
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Solubility and water-to-organic solvent partition coefficients are fairly easy to measure as the equilibrated solutions contain only the dissolved drug candidate and the solubilizing solvent media. Blood-to-tissue partition coefficients, plasma-to-milk partition coefficient, percentage of human intestinal absorption and the steady-state volume of distribution are much harder to measure. The analytical methodology employed to measure these latter properties must be able to distinguish and quantify the drug from all of the many other molecules present in the biological sample. It is not easy, even with today's modern instrumentation, to design chemical analysis methods that are specific to a given molecule. Moreover, measurements involving human and/or animal tissues are expensive and are subject to larger experimental uncertainties. Replicate studies involving the same animal species have shown that the measured values can depend on gender, age and eating habits. This chapter will discuss the prediction of the blood-to-tissue partition coefficients, plasmato-milk partition coefficients, human intestinal absorption based on the Abraham solvation parameter model and solute descriptors calculated from measured solubilities and partition coefficients.
Abraham solvation parameter model
The Abraham general solvation model is one of the more useful approaches for the analysis and prediction of the adsorption, distribution and toxicological properties of potential drug candidates. The method relies on two linear free energy relationships (lfers), one for transfer processes occurring within condensed phases (Abraham, 1993a,b; :
and one for processes involving gas-to-condensed phase transfer
The dependent variable, SP, is some property of a series of solutes in a fixed phase, which in the present study will include the logarithm of drug's water-to-organic solvent and bloodto-tissue partition coefficients, the logarithm of the drug's molar solubility in an organic solvent divided by its aqueous molar solubility, the logarithm of the drug's plasma-to-milk partition coefficient, percent human intestinal absorption and the logarithm of the kinetic constant for human intestinal absorption, and the logarithm of the human skin permeability coefficient. The independent variables, or descriptors, are solute properties as follows: E and S refer to the excess molar refraction and dipolarity/polarizability descriptors of the solute, respectively, A and B are measures of the solute hydrogen-bond acidity and basicity, V is the McGowan volume of the solute and L is the logarithm of the solute gas phase dimensionless Ostwald partition coefficient into hexadecane at 298 K. The first four descriptors can be regarded as measures of the tendency of the given solute to undergo various solute-solvent interactions. The latter two descriptors, V and L, are both measures of solute size, and so will be measures of the solvent cavity term that will accommodate the dissolved solute. General dispersion interactions are also related to solute size, hence, both V and L will also describe the general solute-solvent interactions. Solute descriptors are available for more than 4,000 organic, organometallic and inorganic solutes. No single article lists all of the numerical values; however, a large compilation is available in one published review article (Abraham et al., 1993a) , and in the supporting material that has accompanied several of our published papers (Abraham et al., 2006a; Abraham et al., 2009a; Mintz et al., 2007) . Solute descriptors can be obtained by regression analysis using various types of experimental data, including water-to-solvent partitions, gas-to-solvent partitions, solubility data and chromatographic retention data as discussed below and elsewhere (Abraham et al., 2010; Zissimos et al., 2002a,b) . For a number of partitions into solvents that contain large amounts of water at saturation, an alternative hydrogen bond basicity parameter, B o , is used for specific classes of solute: alkylpyridines, alkylanilines, and sulfoxides. Equations 1 and 2 contain the following three quantities: (a) measured solute properties; (b) calculated solute descriptors; and (c) calculated equation coefficients. Knowledge of any two quantities permits calculation of the third quantity through the solving of simultaneous equations and regression analysis. Solute descriptors are calculated from measured partition coefficient (P solute,system ), chromatographic retention factor (k') and molar solubility (C solute,solvent ) data for the solutes dissolved in partitioning systems and in organic solvents having known equation coefficients. Generally partition coefficient, chromatographic retention factor and molar solubility measurements are fairly accurate, and it is good practice to base the solute descriptor computations on observed values having minimal experimental uncertainty. The computation is depicted graphically in Figure 1 by the unidirectional arrows that indicate the direction of the calculation using the known equation coefficients that connect the measured and solute descriptors. Measured P solute,system and C solute,solvent values yield solute descriptors. The unidirectional red arrows originating from the center solute descriptor circle represent the equation coefficients that have been reported for blood-to-brain partition coefficient, blood-to-tissue partition coefficients, percentage of human intenstinal absorption, Draize eye scores, and aquatic toxicity Abraham model linear free energy relationships. Plasma-to-milk partition ratio predictions are achieved (Abraham et al., 2009b) through an artificial neural network with five inputs, 14 nodes in the hidden layer and one node in the output layer. Linear analysis of the plasma-to-milk partition ratios for 179 drugs and hydrophobic environmental pollutants revealed that drug molecules preferentially partition into the aqueous and protein phases of milk. Hydrophobic environmental pollutants, on the other hand, partition into the fat phase. Prediction of the fore-mentioned ADMET and biological properties does require a prior knowledge of the Abraham solute descriptors for the drug candidate of interest. There are also commercial software packages (ADME Boxes, 2010) and several published estimation schemes (Mutelet and Rogalski, 2001; Arey et al., 2005; Platts et al., 1999; Abraham and McGowan, 1987) solvent effects that arise through solute polarizability. The S descriptor is a measure of dipolarity and polarizability and hence the s coefficient will reflect the ability of a solvent to undergo dipole-dipole and dipole-induced dipole interactions with the solute. The A descriptor is a measure of solute hydrogen bond acidity, and hence the a coefficient will reflect the complementary solvent hydrogen bond basicity. Similarly the b coefficient will be a measure of solvent hydrogen bond acidity. All this is straightforward for gas-to-solvent partitions because there are no interactions to consider in the gas phase. For partition between solvents, the coefficients in Eqn. 1 then refer to differences between the properties of the two phases. Fig. 2 . Outline illustrating the calculation of Abraham model solute descriptors from experimental partition coefficient and solubility data, and then using the calculated values to estimate biological activities and partitioning, such as blood-to-tissue partition coefficients, Draize eye scores, aquatic toxicities and air-to-blood partition coefficients.
The Abraham model equation coefficients encode chemical information, and several methods have been suggested to assess the chemical similarity between different partitioning processes/systems. Abraham and Martins (2004) calculated the fivedimensional distance between the coefficients as points in five-dimensional space by straightforward geometry 22 2 2 2 i D i s t a n c e ( e )(
where the subscripts "i" and "j" denote the two partitioning processes being compared. For comparison purposes, the authors suggested that for a good chemical model the calculated distance should be less than about 0.5 -0.8. The water-to-isobutanol and water-to-octanol partitioning systems were the two chemical systems that the authors found closest to human skin permeability, with calculated distances of 1.2 and 1.9, respectively. 
which are now regarded as lines in five-dimensional space. The angle between the two lines, θ ij , yields information regarding how the two compared processes are in terms of their chemical similarity. As θ ij approaches zero (or alternatively as cos θ ij approaches unity) the two lines coincide, and the correlation between the two partitioning processes/systems approaches unity. Analysis of the Abraham model coefficients for the solubility of gases and vapors in biological phases (blood, brain, fat, heart, kidney, liver, lung and muscle) and organic solvents (alcohols, amides, olive oil, chloroform, diethyl ether, butanone), and equation coefficients for biological activity (nasal pungency thresholds, eye irritation thresholds, odor detection and anesthesia) using Eqns. 3 and 4 (along with Principal Component Analysis) found N-methylformamide to be an excellent model for both eye irritation thresholds in humans and nasal pungency thresholds in humans (Abraham et al., 2009a) . The receptor site controlling both biological responses must be protein-like in character. The study further showed that no organic solvent is a suitable model (or surrogate) for blood, brain, heart, kidney, liver, lung and muscle. Two relatively nonpolar solvents (olive oil and chloroform) were found to be suitable models for fat, which is not too surprising given that fat is about 80 % lipid.
Experimental methods for measuring thermodynamic and kinetic solubilities
Recent advances in automated chemical synthesis and combinatorial chemistry have generated large numbers of new chemical compounds that need to be screened for possible biological activity and desired ADMET properties. The conventional experimental methods that were once used in the pharmaceutical industry to measure solubility and water-toorganic solvent partition coefficients are inadequate to handle large numbers of new compound because of low throughput capacity and the amount of compound required for the experimental determination. Large quantities of highly purified compounds are not usually available in the initial stages of drug discovery and drug testing. To meet the demands imposed by the increased compound numbers, the pharmaceutical industry has developed miniaturized and automated sample preparation platforms, combined with rapid chemical analysis methods based on nephelometric, uv/visible absorption and/or chromatographic measurements. The experimental protocol used depends on whether one needs to measure the kinetic or thermodynamic solubility. High throughput kinetic aqueous solubility assays are based on the detection of precipitation of compounds in aqueous or aqueous buffered solutions. Typically, small known aliquots of the stock solution are added incrementally to the aqueous (or aqueous buffered solution) at predetermined time intervals until the solubility limit is reached. The resulting precipitation can be detected optically by nephlometric or laser monitoring methods, and the kinetic solubility is defined as the solute concentration immediately preceding the point at which precipitation was first detected. Kinetic solubility thus represents the maximum solubility of the fastest precipitation species of the given compound into the desired solubilizing solvent media. Numerous modifications of kinetic assays have been suggested in recent years. The suggested modifications differ in the dilution and detection method. For example, Lipinski et al. (2001) Figure 3 allows one to quickly measure the aqueous solubility and aqueous-buffered solubility of 12 different drug candidates. The eight DMSO-diluted concentrations (1 mM to 100 mM) of each drug candidate are placed in the specified well of the drug's respective column. In the 12 x 9 cell matrix, the drug is identified by column number and the concentration is identified by row number. A predetermined aliquot volume from each of the DMSO diluted sample wells is transferred to the corresponding cell in the aqueous plate and aqueous-buffered plate. The volume of DMSO-diluted sample is the same for each transferred aliquot. Each cell in the aqueous plate and aqueous-buffered plate contains an identical volume of solvent. The cell contents are examined for precipitation immediately after the passage of the defined time interview, or alternatively, one can remove the solid and determine the concentration of dissolved drug by standard spectroscopic and/or chromatographic methods. Fig. 3 . Outline of a high throughput method for measuring drug solubility in water and in an aqueous-buffered solution using a 96-well plate.
Kinetic methods often overestimate the thermodynamic drug solubility because of the increased solubilization effect caused by the presence of dimethyl sulfoxide in the aqueous solvent and by the fact that one has not allowed sufficient time for equilibrium to be achieved. Thermodynamic solubility is defined as the concentration in solution of a compound in equilibrium with an excess of solid material being present in solution at the conclusion of the dissolution process. Thermodynamic solubility is considered the "true" solubility of a compound. Experimental methods for determining thermodynamic solubility may be grouped into categories, one that extends the experimental protocols of exiting kinetic solubility determinations to longer "equilibration times" and the other that conducts solubility studies on solid compounds obtained from dried stock solutions to remove the enhancement effects caused by having the added dimethyl sulfoxide present in the final equilibrated solution. The rationale behind the longer equilibration times is that sufficient time will now be afforded for the first-precipitated crystalline phase to convert to the more thermodynamically stable crystalline phase. Sugano and coworkers (2006) reported a significant decrease in solubility with equilibration time for more than half of the 26 model compounds studied. The preceding discussion focused on aqueous kinetic and thermodynamic solubility measurements. There is no reason that the basic high throughput experimental methodologies cannot be applied to organic solvents and to aqueous-organic solvent mixtures. Measured drug solubility in organic solvents, in combination with the Abraham general solvation model, provides valuable information in regarding the molecule's hydrogen-bonding character and dipolarity. Solubility ratios are substituted into Eqns. 1 and 2 to give the following mathematical correlations:
where C A,organic and C A,water denote the molar solubility of the solute (component A) in the anhydrous "dry" organic solvent and in water, respectively, and C A,gas is the molar gas phase concentration of the solute above the crystalline phase at the system temperature. This later quantity is calculable as C A,gas = P A o V/RT, from the solute's vapor pressure above the crystalline phase, P A o . The solubility ratio in Eqn. 5 represents a hypothetical partitioning process for transferring the solute from water to the anhydrous organic solvent as depicted in Figure 4 . Also depicted in Figure 4 are the gas-to-water and gas-to-organic solvent partitioning processes, along with their respective concentration ratios. The hypothetical water-to-organic solvent partitioning process should not be confused with the direct practical organic solvent/water partitioning system that corresponds to the equilibrium solute partitioning between a watersaturated organic phase and an aqueous phase saturated with the organic solvent. For solvents that are partially miscible with water, such as 1-butanol and ethyl acetate, partition coefficients calculated as the ratio of the molar solute solubilities in the organic solvent and water are not the same as those obtained from direct partition between water (saturated with the organic solvent) and organic solvent (saturated with water). Solubility ratios and practical partition coefficients, however, are nearly identical for solvents like linear alkanes, cycloalkanes, chloroform, carbon tetrachloride and dichloromethane, which are almost "completely" immiscible with water. Tables 1 and 2 give the equation coefficients for the Abraham model solubility ratio correlations (Eqns. 5 and 6) for the different organic solvents that have been reported to date. (Acree and Abraham, 2002) and acetylsalicylic acid (Charlton et al., 2003) exhibited solubilities exceeding 1Molar in several of the organic solvents studied. In the case of acetylsalicylic acid it could be argued that the model's success relates back to when the equation coefficients were originally calculated for the dry solvents. The databases used in the regression analyses contained very few carboxylic acid solutes (benzoic acid, 2-hydroxybenzoic acid and 4-hydroxybenzoic acid). Most of the experimental data for carboxylic acids and other very acidic solutes was in the form of saturation solubilities, which were also in the 1 to 3 Molar range. Such arguments do not explain why equations (5) and (6) described the measured benzil solubility data. The benzil solubilities were measured after most of the equation coefficients were first determined.
High throughput experimental methods for measuring water-to-octanol partition coefficients
Each administered drug has to pass several membrane barriers in order to be delivered to the desired target site for therapeutic action. Orally administered drugs have to be absorbed into the intestine. Transdermally administered drugs need to penetrate human skin. Drugs intended to act in the central nervous system must cross the blood-brain brain barrier (BBB). This barrier is formed by the endothelial cells of the cerebral capillaries and restricts the transport of many compounds into the brain from the blood stream. The cellular architecture of the human intestine, human skin and human brain are quite different; however, the principle of transcellular absorption is the same. The dissolved drug must be transferred from an aqueous environment into the membrane phase, must diffuse across the membrane, and afterwards must partition back into an aqueous-phase compartment. The water-to-octanol partition coefficient, P o/w , is widely regarded in the pharmaceutical industry as a quantitative measure for assessing a drug molecule's affinity for the membrane phase. Considerable attention has been afforded to developing high throughput experimental methodologies that either directly measure P o/w values, or that enable accurate estimation of P o/w from other conveniently measured properties. Poole and Poole (2003) reviewed the direct and indirect separation for obtaining water-to-octanol partition coefficients, with emphasis on the high throughput methods.
As selected examples of experimental methods that have been developed in recent years, Faller and coworkers (2005) designed a rather novel high throughput method to measure lipophilicity based on the diffusion of organic compounds between to aqueous phase compartments separated by a thin 1-octanol liquid layer coated on a polycarbonate filter. The apparatus is shown in Figure 5 . The molar concentration of the compound in the aqueous acceptor compartment, C acceptor,end is measured at the end of the defined time endpoint, tend. The apparent membrane permeability, P app , is calculated from C acceptor,end by , 1 () ( ) l n ( 1 ) acceptor donor acceptor end app acceptor donor end equ
, ()
where V acceptor and V donor denote the aqueous phase volumes in the acceptor and donor compartments, respectively, C donor,initial refers to the initial compound concentration in the donor phase, and A is the membrane accessible surface area times porosity. The water-tooctanol partition coefficient, P o/w , is derived from the measured apparent permeability using a calibration curve constructed from measured permeabilities of standard compounds of known P o/w values. The assay has been used to measure water-to-hexadecane partition coefficients (Wohnsland and Faller, 2001 ) and can be performed using 96-well microtiter plates. 
where t r,solute , t r,eof and t r,mc are the retention/migration times of the investigated drug compound, a highly hydrophilic neutral marker (such as dimethyl sulfoxide) and a highly lipophilic pseudostationary phase marker (such as dodecanophenone or 1-phenyldodecane).
The migration times of the two markers define the migration window. The log P o/w of the drug molecules are obtained from a calibration curve log k solute = slope · log P o/w + intercept (11) established with the measured retention factors of standard compounds with known log P o/w values. The proposed method was validated using a set of 35 well-balanced reference compounds that contained neutral, acidic (pK a > 3.6) or basic (pK a < 5.5) compounds with log P o/w values ranging from 0.7 to 4.8. The acidic compounds were analyzed at a pH = 2, while the neutral and basic compounds were analyzed at pH = 10. The authors found that the log P o/w values based on MEEKC method differed by less than 0.5 log units from the log P o/w values determined by the more traditional shake-flask method. The method allowed log P o/w measurement in less than 20 minutes, which is acceptable for quick screening methods. The authors further noted that the MEEKC method could be easily automated, consumed very little sample and solvent, and did not require a highly purified drug sample. Logarithms of the water-to-organic solvent partition coefficients represent another solute property that has been successfully correlated by Eqn. 12 of the Abraham solvation parameter model.
In Table 3 we have compiled the equation coefficients that have been reported describing the various water-to-organic solvent partitioning systems that have been studied. In the case of the alkane and chloroalkane (dichloromethane, trichloromethane, tetrachloromethane, 1,2-dichloroethane and 1-chlorobutane) solvents, one will note that the equation coefficients for describing log P are identical to the coefficients for correlating the log molar solubility ratios, log (C A,organic /C A,water ) values. As noted previous the molar solubility ratios describe a "hypothetic partitioning" processes for solute transfer to an anhydrous "dry" organic solvent. Solubility ratios and practical partition coefficients are nearly identical for solvents that are almost "completely" immiscible with water. Table 5 for seven organic solvent-to-organic solvent partitioning systems. 
Calculation of Abraham solute descriptors from measured solubility and partition coefficient data
The application of Eqn. 1 and Eqn. 2 requires a knowledge of the descriptors (or properties) of the solutes: E, S, A, B, V and L. The descriptors E and V are quite easily obtained. V can be calculated from atom and bond contributions as outlined previously (Abraham and McGowan, 1987) . The atom contributions are in where Nt is the total number of atoms in the molecule and R is the number of rings. Once V is available, E can be obtained from the compound refractive index at 20 o C. If the compound is not liquid at room temperature or if the refractive index is not known the latter can be calculated using the freeware software of Advanced Chemistry Development (ACD). An Excel spreadsheet for the calculation of V and E from refractive index is available from the authors. Since E is almost an additive property, it can also be obtained by the summation of fragments, either by hand, or through a commercial software program (ADME Boxes, 2010). There remain the descriptors S, A, B, and L to be determined. Partition coefficients and/or solubilities can be used to obtain all the four remaining descriptors . Suppose there are available solubilities for a given compound in water and a number of solvents. Then solubility ratios, log (C A,organic /C A,water ), can be obtained as shown in Eqn. 5 and Eqn. 6. If three solubility ratios are available for three solvent systems shown in Table 1 , we have three equations and three unknowns (S, A, and B) so that the latter can be determined. Of more practical use is a situation where several solubility ratios are known. Then if we have, say, six solubility ratios and three equations, the three unknowns can be obtained as the descriptors that give the best fit to the six equations. The Solver add-on program to Excel can be set up to carry out such a calculation automatically. However, it is possible to increase the number of equations by the stratagem of converting the water-to-solvent solubility ratios into gas to solvent solubility ratios, C A,organic /C A,gas C A,organic /C A,water * C A,water /C A,gas = C A,organic /C A,gas
The ratio C A,water /C A,gas is the gas-to-water partition coefficient, usually denoted as K w . A further set of equations is available for gas-to-solvent solubility ratios, Table 2 . Thus six water-to-solvent solubility ratios can be converted into six gas-to-solvent solubility ratios, leading to a set of 12 equations. If logK w is not known, it can be used as another parameter to be determined. This increases the number of unknowns from four (S, A, B, L) to five (S, A, B, L, logK w ) but the number of equations is increased from six to twelve. In addition, two equations are available for gas to solvent partitions themselves, see the last entries in Tables  1 and 2 , making for the present case no fewer than fourteen equations.
As an example, we use data on solubilities of trimethoprim in eight solvents (Li et al., 2008) converted from mol fraction to mol dm -3 . The solubility in water was not given, but is known to be 2.09* 10 -3 in mol dm -3 (Howard and Meylan, 1997) . The eight observed solubility ratios, C A,organic /C A,water , are in Table 7 , as log (ratio). We took log K w as another parameter to be determined, leading to no less than 18 equations: the eight original equations from solubilities in the eight solvents that led to C A,organic /C A,water , the corresponding eight equations for C A,organic /C A,gas , and two equations for C A,water /C A,gas (ie K w ). With E fixed at 1.892 and V fixed at 2.1813, the best fit values of the descriptors were S = 2.52, A = 0.44, B = 1.69, L = 11.81 and log K w = 14.49; these yielded the calculated log (ratios) in Table 7 . For all 18 values, the Average Error = -0.002, the Absolute Average Error = 0.092, the RMSE = 0.107, and the SD = 0.110 log unit. Not only do the original solubilities allow the derivation of descriptors for trimethoprim, but the latter, in turn, allow the prediction of solubility ratios and hence actual solubilities in all the solvents listed in Table 1 .
Exactly the same procedure is adopted if actual partition coefficients are experimentally available, rather than solubilities. The relevant equations are now those in Table 3 and Table 4 . Of course if both solubilities and actual partition coefficients have both been experimentally determined, a combination of equations from Tables 1 and 2 and from Tables 3 and 4 can be used. Even though partition coefficients refer to partition into wet solvents, descriptors obtained from partition coefficients using equations in Table 3 and Table 4 can still be used to predict solubility ratios and solubilities in dry solvents for all the solvents listed in Table 1 Table 7 . Solubility ratios for trimethoprim, as log (ratio) www.intechopen.com
Although we have set out the determination of descriptors from experimental measurements, it is still very helpful to use the ACD software (ADME Boxes, 2010) to calculate the descriptors at the same time. Occasionally there may be erroneous solubility measurements, or solubilities may be affected through solvate formation, and the calculated descriptors afford a useful check on the obtained descriptors from experiment measurements.
Abraham solvation parameter model: prediction of blood-to-brain and blood-to-iissue partition coefficient
Successful drug development requires efficient delivery of the drug to the target site. The drug must cross various cellular barriers by passive and/or transporter-mediated uptake. Drug delivery to the brain is particularly challenging as there are two physiologically barriers -the blood-brain barrier (BBB) and the blood-cerebrospinal fluid barrier (BCSFB) -separating the brain from its blood supply controlling the transport of chemical compounds.
The BBB is a continuous layer of microvessel endothelial cells, connected by highlydeveloped tight junctions, which effectively restrict paracellular transport of molecules irrespective of their molecular size. Tight junctions provide significant transendothelial electrical resistance to the brain microvessel endothelial cells and serves to further impede the penetration of the BBB. The electrical resistance between the endothelial cells is on the order of 1500 -2000 Ω/cm 2 , as compared to and electrical resistance of 3.33 Ω/cm 2 found in other body tissues (Alam et al., 2010) . Under normal conditions the BBB acts as a barrier to toxic agents and safeguards the integrity of the brain. A compound may circumvent the BBB and gain access to the brain by the nose-to-brain route. The compound is transported to the brain via an olfactory pathway following absorption across the nasal mucosa. Alternatively, compounds may permeate from the blood into the cerebrospinal fluid and permeate into the brain interstitial fluid. The BCSFB separates the blood from the cerebrospinal fluid (CSF) that runs in the subarachnoid space surrounding the brain. The BCSFB is located at the choroid plexus, and it is composed of epithelial cells held together at their apices by tight junctions, which limit paracellular flux. Hence compounds penetrate the barrier transcellularly. The CSF-facing surface of the epithelial cells, which secrete CSF into the ventricles, is increased by the presence of microvilli. The capillaries in the choroid plexus allow free movement of molecules via fenestractions and intracellular gaps. Transport across the BCSFB is not an accurate measure of transport across the BBB as the two barriers are anatomically different. However, as Begley et al. (2000) point out, for many compounds there is a permanently maintained concentration gradient between brain interstitial fluid and the CSF. The transport of compounds into the brain can take place through 'passive' transport or 'active' transport. Nearly all the calculational models for transport into the brain deal with passive transport, although it is now known that many compounds are prevented from crossing the BBB through efflux mechanisms especially involving P-glycoprotein. The use of wildtype mice and knockout mice (the latter deficient in Pgp) has shown conclusively that for a number of drugs the brain to plasma distribution is much lower for the wildtype mice than for knockout mice. We will focus on passive transport, but it must be appreciated that any analysis might well include compounds that are actually subject to active transport and will appear as outliers in the analyses. The steady-state distribution of a compound between the blood (or plasma) and brain, and the rate of permeation of a compound from blood (or from an aqueous saline solution) through the blood brain barrier, are two quantitative measures of drug uptake in the brain.
The logarithm of the blood-to-brain concentration ratio, log BB, is a thermodynamic quantity defining the extent of blood penetration. The log BB is mathematically given by , , log ()
the ratio of the solute concentration in brain tissue divided by the solute's concentration in blood (or serum or plasma) at steady-state conditions. The blood/brain distribution ratio can be experimentally determined by intravenous administration of a single injection of 14 Cradioactive isotope labeled test substance in rats. The animal is sacrificed at a specified time endpoint after equilibrium is achieved. The brain and blood are immediately harvested, and the concentration in each biological sample is quantified from the measured radioactivity. Isotopic labeling provides a convenient means to distinguish the injected test substance from all other chemicals that might be present in the body. Radioactive counting methods do not distinguish between the radioactive isotope in the injected test substance and any degradation products that might have been formed before the animal was sacrificed. The distribution experiments are usually carried out over a long time scale, possibly hours, and concentrations in blood and brain obtained as a function of time. The ratio, as Eq. 15, will change with time and only if it reaches a constant value can the ratio be taken as an equilibrium value. This is very time consuming indeed, as only one measurement can be made with each rat. Despite these shortcomings, radioactive labeling is one of the more popular methods for not only determining the blood-to-brain distribution coefficient, but other blood-to-tissue partition coefficients as well. Blood-to-brain and blood-to-tissue partition coefficients have also been measured for volatile organic compounds using the in vitro vial method (see Figure 6) . A known amount of animal sample is placed in a glass vial of known volume. The vial is then sealed and a minute known quantity of the volatile organic compound (VOC) is introduced by syringe through the rubber septum. After equilibration a sample of the headspace vapor phase is withdrawn from the glass vial for gas chromatographic analysis. The gas-to-tissue partition coefficient is computed from mass balance considerations as the total amount of solute added, the concentration of the vapor phase, the headspace volume and amount of tissue sample are all known. The blood-to-tissue partition coefficient, P tissue/blood , is calculated as 
the product of the measured air-to-tissue partition coefficient, P tissue/air , times the measured blood-to-air partition coefficient, P air/blood . The in vitro partition coefficient data are important and are used as required input parameters in pharmacokinetic models developed to determine the disposition of volatile organic compounds that individuals inhale in the workplace and in the environment. Abraham and coworkers (2006a) reported correlation models for the air-to-brain (P brain/air ) and blood-to-brain (P brain/blood ) partition coefficients for VOCs in humans and rats 
www.intechopen.com In Eqns. 17 and 18, N is the number of data points in the regression analysis, R 2 represents the squared correlation coefficient, SD denotes the standard deviation and RMSE corresponds to the root mean square error. Note that in a multiple linear regression equation, the denominator in the definition of SD is N -P -1 and in the definition of RMSE it is N -P, where P is the number of independent variables in the equation. The derived correlations provided a reasonably accurate mathematical description of the observed partition coefficient data as evidenced by the high squared correlation coefficients and reasonably small standard deviations. Both correlations were validated using training set and test set analyses. In comparing calculated biological data to observed values one must remember that the measured values do have larger experimental uncertainties. A reasonable estimated uncertainty for the measured log P brain/air would be about 0.2 log units based on independent values from different laboratories. Rat and human partition coefficient data for each given VOC were averaged (if both values were available), and the average values were combined into a single regression analysis. In a comparison of experimental human and rat partition coefficient data for 17 common compounds, the authors had shown that the two sets of data (human versus rat) differed by only 0.062 log units, which is likely less than the experimental uncertainty associated with the measured experimental values. For the compounds studied, human and rat partition coefficient data were identical for all practical purposes. The authors also showed that blood-to-brain and plasma-to-brain partition coefficients were sufficiently close and could be combined into a single Abraham model correlation 
Eqs. (18) and (19), are not substantially different, and the statistics are almost the same. It is a moot point as to whether further values of blood to brain partition coefficients should best be predicted through Eqn. 18 or 19. We recommend that Eqn. 18 be used to predict blood-to-brain partition coefficients of VOC because it refers specifically to blood rather than to blood or plasma. A follow-up study (Abraham et al., 2006b) 
differs from the correlation equation for the VOCs (see Eqn. 18). In particular, the c-coefficients differ appreciably 0.547 (SD = 0.078) as against -0.024 (SD=0.069), which suggests that there is a systematic difference between the in vivo and in vitro distributions. The authors went on to show that the difference resulted in part because the two sets of compounds (drugs versus VOCs) inhabit different areas in chemical space. The in vivo drug compounds had much larger solute descriptors, and included compounds having a carboxylic acid functional group. The independent variable Ic was needed as an indicator descriptor for carboxylic acids (Ic = 1 for carboxylic acids, Ic = 0 for noncarboxylic acid solutes).
The blood-to-brain partition coefficient provides valuable information regarding a compound's ability to penetrate the blood-brain barrier. Cruciani et al. (2000) noted that compounds having log BB values greater than 0.0 (concentration in the brain exceeds concentration in the blood) should cross the barrier, whereas compounds having log BB less than -0.3 tended not to cross the barrier. Li and coworkers (2005) used a slightly different classification scheme (see Figure 7 ) of dividing compounds into BBB-penetrating (BBB+) or BBB-non-penetrating (BBB-) according to whether the log BB value was ≥ -1 or ≤ -1, respectively. Many times an actual numerical log BB is not needed in the decision making process, and in such cases, an indication of BBB+ or BBB-is often sufficient. Zhao et al. (2007) proposed a fairly simple decision tree for classifying drug candidates as BBB+ or BBB-based on their Abraham solute descriptors (See Figure 7) . Solute acidity and solute basicity were the two most important properties governing BBB penetration, with solute excess molar refraction playing a much smaller role. The proposed classification scheme correctly predicted the BBB penetration of 90 % of the 1093 compounds considered.
As noted above permeation of a compound from blood (or from an aqueous saline solution) through the blood brain barrier can be used to indicate drug uptake in the brain. The membrane permeability-surface area product, PS, is a kinetic parameter used in describing initial rate of unidirectional transfer
where k in is the measured transfer constant and F is the perfusion fluid flow expressed in milliliters per second per gram. For solutes that bind rapidly and reversibly to plasma proteins, Eqn. 21 is modified as follows
assuming that the unbound and bound forms of the drug are in equilibrium in the fluid. In Eqn. 22, fu is the fraction of the unbound drug in the perfusion fluid. In a typical experiment, www.intechopen.com the drug (dissolved in blood or in an aqueous saline solution) is perfused into the internal carotid artery and the rate of drug uptake is determined by a radioisotope assay method. The animals are sacrificed at various time intervals. The time scale needed to perform the perfusion study is very short -typically no more than a few minutes. Because of the small time scale, perfusion measurements are less subject to degradation effects than are log BB measurements, although the same difficulties over passive and active transport still exist. 
by regression analysis of the experimental log PS data for 30 neutral compounds from protein-free saline solution buffered at pH of 7.4. The contribution of the e · E term was not significant and was removed from Eqn. 23. The negative equation coefficients in Eqn. 23 indicate that an increase in compound polarity of any kind, that is dipolarity/polarizability, hydrogen-bonding acidity or hydrogen-bonding basicity, results in a decrease in the rate of permeation. Increased solute size (V solute descriptor), on the other hand, results in a greater permeation rate. The Abraham model correlations that have been presented thus far pertain to neutral molecules. The basic model has been extended to include processes between condensed phases involving ions and ionic species
by adding one new term for cations and one new term for anions. J + is used whenever a cation is the solute, J -whenever an anion is the solute, and neither is used whenever the solute is a nonelectrolyte. It is very important to note that the two new ionic descriptors are used together with the descriptors originally chosen for nonelectrolytes. This ensures that values of S, A and B for ions and ionic species are on the same scale as those for nonelectrolytes. Solute descriptors have been reported for many simple cations and anions, for carboxylates, for phenoxides, and for protonated amines and protonated pyridines. The j + and j -equation coefficients have been determined (Abraham and Acree, 2010a,b,c,d) for several of the organic solvents listed in Table 1 . Abraham (2011) 
The 88 log PS values in Eqn. 25 were for compounds that existed in the saline perfusate entirely (or almost entirely) as neutral molecules or entirely (or almost entirely) as charged species, and which underwent perfusion by a passive process. Abraham showed that log PS values for carboxylate anions are about two log units less than those for the neutral carboxylic acids, and that log PS values for protonated base cations are about one log unit less than those for the neutral bases.
Abraham solvation parameter model: prediction of blood-to-tissue and gas-to-tissue partition coefficients
Air-to-blood partitioning is a major determinant governing the uptake of chemical vapors into the blood and their subsequent elimination from blood to exhaled air. Air partitioning processes are becoming increasing more important in the pharmaceutical industry given the large numbers of drugs and vaccines that are now administered by inhalation aerosols and nasal delivery devices. Inhalation drug delivery is appealing given the large surface area for drug absorption, the high blood flow to and from the lung, and the absence of first pass metabolism that is characteristic of the lung. Inhalation drug delivery results in both a rapid clearance action and a rapid onset of therapeutic action, and a reduction in the number of undesired side effects. Eixarch and coworkers (2010) proposed the development of a pulmonary biopharmaceutical classification system (pBCS) that would classify drugs according to their ability to reside in the lung or to be transferred to the bloodstream. The classification scheme would need to consider factors associated with the lung's biology (metabolism, efflux transporters, clearance) and with the drug formulation/physicochemical properties (solubility, lipophilicity, protein binding, particle size, aerosol physics). Blood-totissue partitionings govern the distribution throughout the rest of the body once the drug has entered the bloodstream. Abraham model correlations have been developed to describe the air-to-tissue and blood-totissue partition coefficients of drugs and volatile organic compounds (VOCs). The derived mathematical equations include: Muscle (Abraham et al., 2006c) 
Correlations obtained by regression analysis of experimental drug partition coefficient data are denoted as "in vivo", and correlations pertaining to volatile organic compound partitioning are indicated as "in vitro". Human and rat partition coefficient data were combined into data set used in the regression analyses. The independent variable Ic was needed as an indicator descriptor for carboxylic acids (Ic = 1 for carboxylic acids, Ic = 0 for noncarboxylic acid solutes) for the in vivo correlations involving drug molecules. The in vivo data sets included partition coefficient data for drug molecules such as nalidixic acid and valproic acid. No carboxylic acid solutes were contained in the in vitro data sets. The poor R 2 statistics noted in several of the blood-to-tissue correlations are due, at least in part, to the small spread in the log P values and the increased experimental uncertainties as noted below. Each derived correlation was validated by training set and test set analyses. Based on the validation computations the derived correlations are expected to predict the log K tissue/air and log P tissue/blood values of additional compounds to within about 0.2 to 0.3 log units.
As an informational note, the experimental data sets for the in vitro Abraham model correlations were determined using the equilibrium vial method. The gas-to-tissue partition coefficient of the VOC was calculated from the measured vapor phase composition in the headspace above the given tissue. The measured in vitro gas-to-tissue partition coefficients were converted to the corresponding blood- 
reported by Abraham and coworkers (2005) . For any fully characterized system/process (those with calculated values for the equation coefficients) further values of SP (see Eqns. 1 and 2) can be estimated for solutes with known values for the solute descriptors. Solute descriptors can be obtained by regression analysis of measured drug solubilities in organic solvents and measured water-to-solvent and organic solvent-to-organic solvent partition coefficients as discussed above.
Abraham solvation parameter model: prediction of water-to-skin and blood-to-skin partition coefficients and skin permeability coefficients
Human skin is an important permeation barrier that controls the entry of chemicals into the body. The barrier properties of skin depend primarily on the outer skin cells, which are called the stratum corneum. The stratum corneum consists of multiple non-living layers of densely packed keratin-filled cells embedded in a lipid-rich extracellular matrix containing a mixture of ceramides, fatty acids, cholesterol and triglycerides (Monteiro-Riviere et al., 2001) . The multiple layers are 7 -16 micrometers in total thickness in most regions of the human body; however, in the palms of the hands and soles of the feet a much total layer thickness of 400 -600 micrometers is found (Holbrook and Odland, 1974) For a chemical to be absorbed into the body after dermal exposure, it must first dissolve in the stratum corneum and then diffuse through the remaining epidermis sub-layers and into the dermis layer, from where it will eventually enter the blood stream. Passive diffusion is the mechanism by which chemicals move through the stratum corneum. Passage through the remaining sublayers of the skin is more rapid. Penetration of a compound into the skin is controlled by the compound's chemical structure and physicochemical properties. Lipophilicity and hydrogen-bonding character play a major role in a compound's skin absorption profile. In general, substances possessing the greater lipophilicity are more readily absorbed by the skin than compounds with lesser lipophilicity. Dermal absorption generally increases with increasing water-to-octanol partition coefficient from log P OtOH/water = -1 to log P OtOH/water = 3.5. Highly lipophilic compounds (those with log P OtOH/water > 5) pass easily through the stratum corneum, but are generally too water-insoluble to pass through the remaining epidermis sub-layers to enter the blood stream. There has been increasing experimental evidence that ionized species can contribute to transdermal absorption (Netzlaff et al., 2006; Abraham and Martins, 2004; Michaels et al., 1975) . When the penetrating compound can exist in both ionized and unionized forms, it is the unionized form that penetrates faster through the lipid regions. Some contribution of the ionized form to the overall permeability, however, is expected. The solubilizing vehicle and formulation ingredients can alter the skin penetration of a compound by affecting the barrier properties of the skin by a range of mechanisms including hydration, delipidization, fluidization and desmosome disruption in the stratum corneum, or by changing the partitioning of the compound into the stratum corneum. Skin partitioning is important in the pharmaceutical industry as many medications are applied topically to the skin in ointments, in creams, in lotions and gels, and in skin patches. Once applied, the medication often needs to find its way into the blood system for delivery to the desired target site. Abraham and Martins (2004) 
based on an experimental database containing 45 solutes, including several linear alcohols (e.g. methanol through 1-decanol) and several fairly large steroidal molecules (e.g. testosterone, progesterone, hydrocortisone, corticosterone, and aldosterone) and steroid esters (e.g. hydrocortisone-21 acetate, hydrocortisone-21 pentanoate, cortisone-21 acetate, cortisone-21 octanoate). Careful examination of Eqn. 40 reveals that the water-to-skin partition coefficient increases with increasing solute size, and decreasing with increasing solute polarity and solute hydrogen-bonding character. Abraham and Ibrahim (2007) compiled experimental data on the distribution coefficients of drugs from blood or plasma to rat skin and rabbit skin. The authors analyzed the experimental log P skin data in accordance with Eqn. 1 of the Abraham model   
The e · E and s · S terms were not statistically significant and were eliminated from the final derived correlation model. The poor R 2 statistics for Eqn. 41 is due, at least in part, to the small spread in the values of log P skin , from log P skin = -0.82 to log P skin = 1.61, for a range of only 2.43 log units. Carboxylic acids were found to be systematically retained in blood or plasma more than calculated. An indicator descriptor, I acid , was needed to describe the log Pskin data of solutes containing a carboxylic acid functional group. The I acid descriptor equals unity for carboxylic acid solutes, and takes the value of I acid = 0 for all other compounds. The second indicator descriptor in Eqn. 41 was needed to combine the rat skin (I rabbit = 0) and rabbit skin (I rabbit ) partitioning data into a single correlation model. The 0.059 I rabbit term amounts to a 0.059 log unit offset, which is likely less than the experimental uncertainty in the measured log P skin data. If the 0.059 I rabbit term is omitted, the squared correlation coefficient decreases to R 2 = 0.608. Theoretical models of passive diffusion are based on Fick's law of diffusion and the conversation of particle numbers. Fick's law of diffusion states that a chemical diffuses from a region of higher concentration to a region of lower concentration with a magnitude that is directly proportional to the chemical's concentration gradient. When applied to transstratum corneum diffusion, the amount of chemical passing through a unit area of the stratum corneum per unit time (J) is given by 
The permeability coefficient, k p , is the coefficient of proportionality between the steady-state flux J SS and the donor concentration, C donor . Skin permeability experiments are generally performed in vitro using a Franz diffusion cell (shown in Figure 8 ). A freshly excised skin sample is mounted on the receptor compartment of the Franz cell with the stratum corneum facing upwards into the donor compartment and the dermis facing the receptor compartment. The latter compartment is filled with the receptor solution (often a phosphate saline solution buffered at pH of 7.4), and maintained at a constant temperature of 37 o C with a water jacketed cell under constant stirring. The donor compartment is filled with the vehicle solution containing the dissolved chemical of interest. At appropriate time intervals, aliquots of the receptor medium are withdrawn for analysis, and immediately replaced with an equal volume of fresh medium. Alternative diffusion cell designs and mathematical procedures for calculating the drug's diffusivity and permeability coefficient from the experimental permeation results are described in greater detail elsewhere (Friend, 1992; Hathout et al., 2010) . For in vitro skin penetration studies, the skin retention of a drug can be assessed by the use of radiolabeled drugs (usually carbon-14 or tritium labeled). Skin samples should be exposed to the drug for no more than a maximum of 24 hours because of deterioration of skin integrity with time. The parallel artificial membrane permeability assay (PAMPA) has been suggested as a high throughput screening method for rapid determination of passive transport permeability in connection with gastrointestinal (GI) absorption (Sugano et al., 2002) , blood-brain barrier penetration (Mensch et al., 2010 and skin permeation (Ottaviani et al., 2006) . In the PAMPA method a 96-well filter plate coated with a liquid membrane is used to separate the donor and receptor compartments. Artificial membrane selection depends on the transport property to be determined. Ottaviani et al. (2006) found a reasonably accurate mathematical correlation between human skin permeability coefficient, k p , and the effective permeability coefficient, keff, for a set of 31 compounds 
tested through an artificial membrane consisting of 70 % silicone and 30 % isopropyl myristate. The authors further noted that presence of isopropyl myristate as only a hydrogen-bond acceptor group in the artificial membrane was in accord with previous results demonstrating that stratum corneum lipids were better hydrogen-bond acceptors than hydrogen-bond donors. Abraham and Martins (2004) 
based on a database containing 119 experimental values at a common temperature of 37 o C. The authors adjusted the experimental data for ionization by assuming that the measured permeability coefficient was a simple addition of terms in Eqn. 46
where, k p , k p,ionic , and k p,neutral represent the overall permeation coefficient, that due to the ionic species, and that due to the neutral species; f ionic and f neutral denote the fraction of ionic and neutral species at a given pH. For ionizable acids the skin permeability coefficient of the neutral molecule, k p,neutral , was so much larger than the skin permeability coefficient of the ionic form, k p,ionic , that the experimental unadjusted values of k p was adjusted to give k p,neutral from the fraction of the neutral form present under the experimental conditions of pH. For ionizable bases the ratio of k p,neutral to k p,ionic was assumed to be 17.5, and this value was used to obtain k p,neutral values from experimental unadjusted values of k p . If the experimental pH is near to the basic pK a , such an adjustment will be very close to the adjustment that assumes negligible permeation of ionizable species. But as the difference in (pH − pK a ) becomes larger, the adjustment will be smaller than that of negligible permeation of ionic species. To account for the temperature differences, the authors adjusted experimental log k p values by 0.20 units from 32 °C to 37 °C, and by 0.48 units from 25 °C to 37 °C. The main factors that influence log k p are hydrogen bond basicity (b · B term) that decreases log k p , and solute volume (v · V term) that increases log k p . Solute dipolarity/polarizability (s · S term) and hydrogen bond acidity (a · A term) make minor contributions, both in the sense of lowering log k p .
Conclusion
The Abraham solvation parameter model provides an in silico method for estimating ADMET properties of potential drug molecules in the early stages of drug discovery. To date mathematical expressions have been reported for predicting water-to-organic solvent partition coefficients and solubilities in more than 70 organic solvents, air-to-tissue and blood-to-tissue partition coefficients for 5 human and rat tissues, water-to-human skin and blood-to-rat/rabbit skin partitions, human skin permeability coefficients, and rat (Zhao et al., 2003) and human (Zhao et al., 2002) intestinal absorption. Expressions are also available for estimating Draize rabbit eye test scores for pure liquids and eye irritation thresholds in humans , odor detection thresholds and nasal pungency of volatile organic compounds (VOCs) (Abraham et al., 2007b) , and the minimum alveolar concentration (MAC) for inhalation anesthetics in rats (Abraham et al., 2008b) . The number of derived Abraham model correlations is expected in future years as more experimental data becomes available. Predictive applications require as input parameters the numerical values of the drug candidate's solute descriptors, which are easily calculable from measured solubility and partition coefficient data.
